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Abstract
This Resource Letter provides a guide to the literature
on the observations of supernovae and the theory of
their explosion mechanisms. Journal articles and books
are cited for the following topics: observations of the
spectra, spectropolarimetry, and light curves of super-
novae of various types, theory of thermonuclear explo-
sions, core collapse, and radioactive decay, applications
to cosmology, and possible connections to gamma-ray
bursts.
I. INTRODUCTION
Supernovae represent the catastrophic explosions that
mark the end of the life of some stars. The ejected mass
is of order 1 to 10 solar masses (M⊙) with bulk velocities
ranging from a few thousand to a few tens of thousands
of km s−1, with a small mass fraction moving even more
rapidly in some cases. The typical kinetic energy of the
explosion is about 1051 ergs, an energy comparable to
the binding energy of the central core of a star and
hence evidence that the star is substantially, if not to-
tally, disrupted. The explosions eject heavy elements
that seed the gas of the interstellar medium. Some su-
pernovae may produce compact remnants such as neu-
tron stars or black holes. Supernovae also produce ex-
tended remnants as their ejecta drive shock waves into
the interstellar medium. This energy can produce tur-
bulence in the interstellar medium, help to form new
stars, and expel matter entirely out of host galaxies in
some circumstances. Because of their great brightness,
supernovae can be used to determine distances and con-
strain the age, shape and dynamics of the Universe and
the evolution of matter within it. Recent evidence sug-
gests that cosmic gamma-ray bursts may be linked to
supernova-like explosions.
I.1 History
Historical records show that seven or eight supernovae
have exploded over the last 2000 years in that portion
of the Galaxy not obscured by dust, about 15 % of
the area of the Galactic plane (Ref. 14). The super-
nova of 1006 was the brightest ever recorded, brighter
than Venus and perhaps as bright as a quarter Moon.
The supernova of 1054 produced the expanding cloud
of gas that modern astronomers identify as the Crab
Nebula. The supernova of 1572 was observed by Tycho
Brahe and one in 1604 by Johannes Kepler. Of these
events, only SN 1054 produced an observable compact
remnant, the Crab pulsar. Although there is still some
controversy, the events of 1006, 1572, and 1604 are gen-
erally thought not to have left any compact remnants,
but to have resulted in complete disruption of the star.
Given the present size and rate of expansion of the
remnant, we deduce that the explosion that gave rise to
the strong radio source Cassiopeia A occurred in about
1679 (Ref. 70 and citations therein). No bright optical
outburst was seen. This explosion may have been under
luminous, but the degree is difficult to ascertain since
there is a great deal of patchy dust extinction in this di-
rection. There are reports that Cas A was seen faintly
by John Flamsteed, the first Astronomer Royal of Eng-
land, but there are questions concerning whether or not
that sighting was in the same position as the remnant
observed today. Supernovae tend to be brighter if they
explode within large red giant envelopes. The suspicion
is that the star that exploded in about 1680 may have
ejected a major portion of its envelope before explod-
ing or that the star was otherwise relatively small and
compact. That condition, in turn, may have prevented
Cas A from reaching the peak brightness characteristic
of most supernovae. Supernova 1987A, the best studied
supernova of all time, had this property of being intrin-
sically dimmer than usual due to a relatively compact
progenitor star.
We observe the blast waves of the expanding rem-
nants that have been produced by supernovae (Ref. 81).
The youngest of these correspond to the historical su-
pernovae, but we also observe the effects of several hun-
dred older supernova remnants in our Galaxy and in
nearby galaxies that have exploded over the last mil-
lion years or so. Nearly 1000 of the perhaps 109 neu-
tron stars in our Galaxy have been observed as radio
pulsars and binary X-ray sources. Of the perhaps 108
stellar mass black holes that have been created over the
history of the Galaxy by core collapse with or without
attendant supernova explosions, about two dozen stel-
lar mass black holes have been detected in binary star
systems.
I.2 The Modern Era
All supernovae observed since the advent of the tele-
scope and other modern astronomical instrumentation
have been in other galaxies (Ref. 59). Supernovae oc-
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cur roughly once per hundred years for spiral galaxies
like the Milky Way ( Refs. 43 and 8), but astronomers
now systematically observe a large number of galaxies
to great distances in order to discover supernovae. The
current rate of discovery is several hundred per year.
The current record redshift is z = 1.7, corresponding to
a lookback time of order 10 billion years (Ref. 114).
Categories of supernovae are traditionally defined by
the spectrum that reveals the composition, velocity and
other properties of the ejected matter. Complementary
information is obtained from the light curve, the pat-
tern of rapid brightening and slower dimming displayed
by each event. The two basic spectral categories are
called Type I for those that reveal no spectral evidence
for hydrogen and Type II for those that do (Refs. 101
and 102). The progenitors of Type I supernovae are
thought to have lost their outer hydrogen envelopes by
a combination of transfer to a binary companion or stel-
lar winds.
Events in a principal sub-category of Type I super-
novae are called Type Ia (Refs. 68, 18, 17 and 50).
Type Ia show characteristic elements in the spectrum,
especially a strong line of once-ionized silicon (Refs. 196
and 141), but also magnesium, sulfur, and calcium near
maximum light when there is a well-defined photosphere
in the outer layers (Ref. 65) and iron in later phases
when the ejecta are optically thin (Ref. 90). The light
curves for Type Ia supernovae are also characteristic.
There is an initial rise to a peak that takes about two
weeks and then a long slower period of gradual decay
over time scales of months that is very similar for all
these events. The data recorded by Tycho and Kepler
suggest that they both witnessed Type Ia supernovae.
For decades, all Type Ia supernovae were thought to be
virtually identical (although see Ref. 111), but more
recent careful observations have revealed quantifiable
variations among them (Ref. 107). Events that are
intrinsically dimmer near maximum light decline more
rapidly from maximum and show characteristic spec-
tral features, especially blended lines of ionized titanium
(Refs. 93 and 76).
Type Ia supernovae appear in all kinds of galaxies
– elliptical, spiral, and irregular. Type Ia tend to avoid
the arms of spiral galaxies (Refs. 97, 60 and 98). Since
the spiral arms are sites of new star formation, Type
Ia are deduced to explode in older, longer-lived stars.
This is consistent with their being the only type to ex-
plode in elliptical galaxies that lack recent star forma-
tion. There is evidence that the subluminous variety
of Type Ia are especially old and hence constitute the
population of Type Ia in elliptical galaxies and the older
events in spiral galaxies where stars have a range in ages
(Ref. 87). Whether this requires separate evolutionary
channels or variations on a single theme is not known.
Spectropolarimetry provides a tool to measure the
geometry of supernovae. Purely spherically symmet-
ric configurations will show no net linear polarization.
Such observations of Type Ia supernovae show that the
majority are only slightly polarized, if at all (Ref. 88).
They are thus substantially spherical explosions. Some
exceptions are known. SN 1999by, a subluminous Type
Ia, and hence presumably old, showed finite polariza-
tion with a rather well-defined axis of orientation (Ref.
88). This may be a clue to the explosion mechanism,
for instance suggesting that the subluminous Type Ia
are especially rapidly rotating.
Near the peak of their light output, Type II super-
novae show approximately “solar” abundances in their
ejected material, including a normal complement of hy-
drogen (Refs. 101 and 102). An important sub-class,
the Type IIn, show narrow emission lines and other
evidence of the collision of the supernova ejecta with
low velocity circumstellar matter shed by the progeni-
tor star before explosion (Ref. 115).
In the later optically-thin phases, Type II still show
hydrogen features, but also strong emission lines of
oxygen, magnesium and calcium, characteristic of the
evolved inner portions of a massive star (Refs. 17 and
50). The optical light curve of a typical Type II super-
nova shows a rise to peak brightness in a week or two
and then a period of a month or two when the light
output is nearly constant (Ref. 50). After this time,
the optical luminosity drops suddenly over a few weeks
and then more slowly with a time scale of months. This
pattern of light emission with time is consistent with an
explosion in the core of a star with a massive, extended
red giant envelope (Refs. 150, 154 and 56). The Type
IIn tend to show a long, slower decline with the light
output coming predominantly from the circumstellar in-
teraction (Ref. 145).
Type II supernovae have never been observed in el-
liptical galaxies. Type II supernovae occur occasionally
in irregular galaxies, but mostly in spiral galaxies and
then within the confines of the spiral arms (Refs. 43 and
8). The interpretation is that the stars that make Type
II supernovae are born and die near their birth sites
and hence in a short time. Since they are short-lived,
the stars that make Type II supernovae must be mas-
sive. For theoretical reasons based on the nature of the
late stages of stellar evolution, Type II supernovae are
thought to arise in stars with mass in excess of about 8
solar masses, but observations and associated statistics
are not sufficiently precise to confirm this number.
Two other varieties of hydrogen-deficient supernovae
are labeled Type Ib and Type Ic (Refs. 68, 131, 110, 18,
17 and 50). The two types are probably closely related.
Type Ib show evidence for helium in the spectrum near
maximum light, whereas helium has never been identi-
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fied in a Type Ia. Type Ic show little or no such evidence
for helium. Near maximum, Type Ic display iron lines
that qualitatively resemble Type Ia at certain phases,
but which can be distinguished from Type Ia quantita-
tively, especially with time series of spectra. Type Ib
and Ic show little or no evidence for the strong line of
once-ionized silicon that is a major characteristic of the
spectra of Type Ia. Both Type Ib and Ic show evidence
for oxygen, magnesium and calcium at later, optically-
thin, phases in a manner similar to Type II (Refs. 79,
18, 17 and 50). Type Ia show essentially only iron at
later times, another factor emphasizing their difference
from Types Ib and Ic. The composition revealed by
Types Ib and Ic is similar to that expected in the core
of a massive star that has been stripped of its hydrogen.
In the case of Type Ic, most of the helium is gone as
well. The light curves of Type Ib and Ic are somewhat
similar to those of Type Ia, but are generally dimmer
at maximum light (Refs. 131 and 50).
Unlike Type Ia, but like Type II, Types Ib and Ic
only seem to explode in the arms of spiral galaxies (Ref.
126). Type IIn, Ib and Ic are often strong radio sources
whereas no radio emission has yet been detected from
a Type Ia (Refs. 44 and 45). Radio emission is thought
to be created when the supernova shock collides with a
surrounding medium, so this radio emission may indi-
cate strong mass loss from Type Ib/c, again consistent
with an origin in a massive stellar core. Although cir-
cumstantial, the preponderance of the evidence from
the location of the events, their composition and the
evidence for appreciable circumstellar matter, is that
Types Ib and Ic are associated with massive stars.
The dividing lines of the supernova classification
taxonomy are blurred by events that share some proper-
ties of Type I and some of Type II. A bright supernova
observed in 1993, SN 1993J, gave yet more clues to the
diversity of processes that lead to exploding stars (Refs.
95, 51 and citations therein). SN 1993J revealed hydro-
gen in its spectrum, so this event was a variety of Type
II. As the explosion proceeded, however, the strength of
the hydrogen features diminished and strong evidence
for helium emerged. In this phase, SN 1993J resembled
a Type Ib. Apparently this star had most, but not all,
of its hydrogen envelope removed, probably in a binary
mass-transfer process. There is yet no direct observa-
tional proof for binary companions in Type Ib or Type
Ic or the transition events like SN 1993J, but this seems
likely. Strong winds from massive stars could play a role
in stripping the hydrogen and helium from Type Ib and
Type Ic and the relative importance of winds versus
binary mass transfer has not been resolved.
Spectropolarimetry has revealed that all supernovae
of Type II or Ib/c or the transition events like SN 1993J
are polarized and hence asymmetric to an appreciable
extent (Ref. 129). Furthermore, the polarization tends
to get larger at later phases when greater depths are
observed (Refs. 129 and 94). Type Ib/c also tend to be
more highly polarized and hence asymmetric than Type
II. This evidence suggests that it is the inner portions
of the explosion, and hence the mechanism itself, that
is strongly asymmetric. In many cases (SN 1993J is a
conspicuous exception) the geometry seems to follow a
single axis as if the explosion were bipolar (Ref. 129).
Estimates of the rate of formation of neutron stars in
the Galaxy (Ref. 96) are similar to estimates of the rate
of formation of Type II and Type Ib/c supernovae. This
does not prove that these supernovae produce neutron
stars, but the notion that the two processes are directly
related is a nearly universal working hypothesis.
I.3 Explosion Mechanisms
Type II and Type Ib/c supernovae thus represent the
explosion of massive stars. These stars have presum-
ably evolved from the main sequence to become red
giants and have had a series of nuclear burning stages
that produce ever heavier elements in the core. The
masses of the stars that give rise to these events is es-
timated to be between about ten and perhaps thirty to
fifty solar masses. Below the lower limit, stars make
white dwarfs that do not explode as single stars, but
may explode as Type Ia supernovae if they occur in bi-
nary systems with appropriate mass exchange. Above
the very uncertain upper limit, stars probably collapse
to make black holes with no associated supernova ex-
plosion. The statistics of the rate of explosion of Type
II and Type Ib/c events (Ref. 66) is roughly consistent
with this estimate. Stars with initial mass in excess of
about 12 solar masses are thought to form iron cores
that collapse to form neutron stars (Refs. 190 and 56).
There is thus a strong suspicion that Type II and Type
Ib/c supernovae make neutron stars as compact rem-
nants of the explosion and that the gravitational energy
liberated in forming the neutron star is the driving force
of the explosion. There is a direct relation between su-
pernovae and neutron stars in some cases, as illustrated
in the Crab nebula with its pulsar. The long-sought
compact remnant produced by Cas A was discovered in
the dramatic first image taken by the Chandra X-Ray
Observatory (Ref. 103). This object is quite dim, a
factor of about 104 dimmer than the Crab pulsar and
its nature is still uncertain. At this writing, suspicions
of a rotation period that would confirm a neutron star
have not been verified, and the possibility that it is a
feebly accreting black hole has been entertained. The
spectral types of both the Crab and Cas A supernovae
are ambiguous. There is yet no evidence for a compact
remnant from SN 1987A. Other, older supernova rem-
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nants also show direct or indirect evidence for pulsars,
but again there is no evidence as to the spectral type
of the event. No supernova of known spectral type has
produced an observed, identified compact remnant
At the lower end of the mass range suspected to
contribute to Type II and Type Ib/c supernovae, the
evolution may be slightly different. Computer calcu-
lations show that for stars with original mass between
about 8 and 12 M⊙ carbon burns to produce neon and
magnesium, but the oxygen does not get hot enough to
burn (Ref. 190). The core, composed of oxygen, neon,
and magnesium, contracts, to form a white dwarf. The
neon and magnesium are susceptible to electron cap-
tures at the central densities attained by these stellar
cores. This process reduces the electron density that
is responsible for the degeneracy pressure that supports
the core. The result is that the core collapses before any
of the elements in the core begin thermonuclear burn-
ing. During the collapse, the remaining nuclear fuels –
oxygen, neon, and magnesium – are converted to iron
(Refs. 159 and 138). The net result is a collapsing iron
core, just as for the more massive stars where the iron
core forms before the collapse ensues, but quantitative
differences could affect the explosive outcome.
The iron core that forms in the center of a mas-
sive star is endothermic; it can only absorb energy ei-
ther by breaking down into lighter elements or forging
heavier elements. The absorption of energy reduces the
pressure support and guarantees that the iron core will
become unstable to collapse shortly after it forms, in
less than a day (Ref. 167). In practice, the processes
that destabilize the core are electron capture and pho-
todisintegration of the iron into helium nuclei and free
neutrons (Ref. 56).
In the collapse of an iron core, the protons in the
iron-like nuclei undergo electron capture to become neu-
trons. Each such reaction creates a neutrino. The gen-
eration and transport of neutrinos produced in this and
related processes are a critical ingredient in the process
of core collapse (Ref. 147). Inside a certain neutrino-
trapping radius where the density exceeds about 1011
g cm−3, the matter collapses nearly adiabatically and
hence homologously so that the velocity is proportional
to the radius and the density profile is self-similar.
(Refs. 140, 153, 5 and citations therein). When the
collapse reaches the density of nuclear matter, about
1014 g cm−3, the strong nuclear force develops a repul-
sive component. The result of the increased pressure
is that the collapse halts. The inner homologously col-
lapsing core settles into hydrostatic equilibrium and a
shock forms at the boundary and propagates out into
the still infalling matter. The binding energy of the
neutron star, about 1053 ergs, must be radiated away
in neutrinos. This is 100 times more than is necessary
to blow off the outer layers containing calcium, oxygen,
carbon, and helium, and any outer envelope of hydro-
gen. The problem is that most of the energy produced
in the collapse is lost to the neutrinos that can easily
diffuse out of the newly-born neutron star and stream
freely through the infalling matter. Uncertainties in the
complex physics involved in core collapse – including
strong and weak nuclear processes in extreme condi-
tions, multidimensional relativistic dynamics, neutrino
transport and probably rotation and magnetic fields –
have prevented an unambiguous understanding of the
explosion mechanism.
The iron (or O/Ne/Mg) core takes about one second
to collapse after instability sets in. When the neutron
star first forms, a strong supersonic shock wave propa-
gates back out through the infalling matter. The halt
and rebound of the inner homologous core creates the
shock in about one-hundredth of a second. As the shock
runs out into the infalling matter, however, some of the
energy of the shock is dissipated by the production and
loss of neutrinos. The shock also must do the work of
breaking down the infalling iron into lighter elements,
protons and neutrons, to form the neutron star. The
shock wave can thus stall with insufficient energy to
reach the outer layers of the star (Ref. 5). Matter
can continue to rain down on the stalled shock front.
The matter will still be shocked as material hits this
front, but the shocked matter will continue to fall onto
the neutron star. If enough matter lands on the neu-
tron star, the neutron star will be crushed into a black
hole. Current calculations show that the core bounce
and shock formation alone are not sufficient to cause an
explosion (Refs. 143, 170, 171 and 184).
One mechanism to create an explosion that is be-
ing actively considered takes advantage of the flux of
neutrinos leaving the neutron star (Ref. 147). Nor-
mal matter is essentially transparent to neutrinos since
neutrinos interact only through the weak nuclear force.
Neutron star matter, however, is so dense that it can
be opaque or at least semi-transparent to the neutrinos.
Although most of the neutrinos will get out, a small
fraction will be trapped in the hot matter that lies just
behind the shock front created by the core bounce. The
accumulation of neutrino heating over a time of about
one second may provide the pressure to re-invigorate
the shock, driving the shock outward and causing the
explosion (Ref. 182).
The mechanism for depositing a small fraction of
the neutrino energy behind the shock may be related to
the convection of the newly-formed neutron star (Ref.
149). When the collapse is first halted and the neutron
star rebounds, the composition and thermal structure
are such as to render the proto-neutron star unstable to
convection. The convection provides a mechanism for
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carrying the trapped neutrinos outward by mechanical
motion and hence enhancing the neutrino flux. Under
the right circumstances, this convective process can be
much more efficient in transporting neutrinos than a
slower, essentially diffusive, process. All modern calcu-
lations that can follow motion in more than one (radial)
dimension show that newly-formed neutron stars are
convective (Refs. 158, 143, 170, 171 and 184). There is
a consensus that explosions will not occur without this
convection. There is still debate about whether this
process is sufficient to cause an explosion (Refs. 185
and 169).
Most of the current calculations of core bounce and
subsequent events treat the configuration as spherically
symmetric. Even if the neutron star is convective, the
structure of the neutron star may, on average, be spher-
ically symmetric. There are a number of lines of ev-
idence, however, that the explosions that result from
the core-collapse process are intrinsically non-spherical.
Such supernovae are observed to be polarized (Ref.
129). The pulsars that result from core collapse have ap-
preciable runaway velocities (Ref. 118), implying some
sort of asymmetric “kick” when they are born. Cas A
has evidence for a “jet” and perhaps a “counter jet”
of flow (Ref. 70). Matter may thus be ejected more
intensely in some directions than others. If this is the
case, then the current numerical calculations may be
missing a major ingredient necessary to yield an explo-
sion. The most obvious mechanisms for breaking the
spherical symmetry are rotation and magnetic fields.
Proper treatment of rotation and magnetic fields may
be necessary to fully understand when and how col-
lapse leads to explosions. Recent calculations have sug-
gested that jets of matter associated with the rotation
and magnetic field of the neutron star could play an im-
portant role in causing the explosion (Ref. 176). This
might alter the significance of the convective neutron
star and diminish the effect of the neutrinos. Alter-
natively, there may be means of making the effects of
the neutrino flux sufficiently asymmetric (Refs. 152 and
198).
Theoretical calculations show that heavy elements in
reasonable proportions are produced naturally in mas-
sive stars in the process of forming an iron core (Refs.
202 and 200). Stars with mass between about 15 and
100M⊙ produce substantial amounts of heavy elements.
If these stars explode and eject their heavy elements,
this freshly-synthesized material will mix with the hy-
drogen in the interstellar gas. New stars form from this
enriched mixture. Stars in the upper end of this range
could collapse to form black holes without substantially
altering this picture.
Type Ia supernovae are thought to explode in old,
low-mass, long-lived stars. The observed properties of
Type Ia are remarkably, although not perfectly, uni-
form. Since white dwarfs of maximum mass, known as
the Chandrasekhar mass (Ref. 12), would be essentially
identical and hence undergo nearly identical explosions,
the observed homogeneity of Type Ia has pointed to an
origin in exploding white dwarfs. We now know that all
Type Ia supernovae are not exactly identical, but the
basic principle still holds. The idea is that the more
massive star in an orbiting pair could evolve and form a
white dwarf. The low mass companion could then take
a long time to evolve, but the companion would even-
tually transfer mass onto the white dwarf (Ref. 204).
If the total mass accumulated by the white dwarf ap-
proaches the Chandrasekhar mass of about 1.4 M⊙, the
white dwarf will then explode (Ref. 133).
Careful studies of the observed properties of Type
Ia supernovae are completely consistent with the gen-
eral picture that the explosion occurs in a white dwarf.
The information revealed by the evolution of the spectra
is consistent with a configuration in which the denser
inner portions of the exploding star burn all the way
to iron, but the outer parts are only partially burned.
There are two different ways of propagating a thermonu-
clear explosion in a white dwarf (Ref. 29). One is a sub-
sonic burning like a flame, a process called deflagration.
The other is a supersonic burning that is preceded by a
shock front, a process known as detonation. The most
sophisticated current models, those that best match the
data, have the unregulated carbon burning begin as a
turbulent deflagration and then make a transition to a
supersonic detonation (Ref. 173). Such models natu-
rally create iron-like matter in the center and intermedi-
ate elements like magnesium, silicon, sulfur and calcium
on the outside. These models also predict that the white
dwarf is completely destroyed, leaving no compact rem-
nant like a neutron star or a black hole. The exact
nature of the combustion is still being explored (Refs.
175, 178, 189, 175 and 197).
Computer models of exploding white dwarfs give re-
sults that match both the observed light curves (Refs.
161 and 194) and this spectral pattern (Refs. 160 and
162) rather well. The most successful models adopt a
progenitor that is a carbon/oxygen white dwarf with
a mass very near (but about 1% less than) the Chan-
drasekhar mass (Refs. 160 and 181) even for the sub-
luminous variety (Refs. 162 and 85) and explodes by
means of a delayed detonation process. This class of
model has also had noted success by predicting spec-
tral features in the near infrared (Refs. 203 and 85)
The delayed detonation models also make very specific
predictions for the gamma-ray line emissivity resulting
from radioactive decay, but this aspect has yet to be
tested quantitatively (Ref. 166). This comparison of
theory and observation thus strongly points to an inter-
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pretation of Type Ia supernovae as the explosion of a
carbon/oxygen white dwarf at the Chandrasekhar limit.
Delayed detonation models of exploding Chan-
drasekhar mass carbon/oxygen white dwarfs can ac-
count for the maximum luminosity/decline rate corre-
lation (Refs. 162 and 163). In the models this behavior
arises if some stars make the transition from a subsonic
deflagration to a supersonic detonation a little earlier
than in others, and hence make less iron peak elements.
Less radioactive nickel (see §I.4) yields a dimmer ex-
plosion that is also cooler with lower opacity so the
decline is more rapid. Why the conditions of transition
should vary is the object of current research. Recent
calculations have given an important insight into the
conditions just prior to the dynamical nuclear runaway.
Carbon first ignites in these models when the carbon
burning rates exceed the neutrino loss rates (Ref. 133).
The carbon burns quasi-statically in a central convec-
tive core until dynamical runaway ensues. This convec-
tive, or “smoldering” phase, entails convective overturn
velocities that exceed the predicted velocities of cen-
tral deflagration waves (Ref. 164). This means that the
“pre-conditioning” of the central core will be dominated
by the convective motions and the subsequent deflagra-
tion phase cannot “forget” these initial conditions until
substantial burning has ensued in the dynamical phase.
This gives a new way to understand how similar ini-
tial conditions could lead to varying results depending
on just where and how the dynamical runaway began
in the convective, smoldering core. Rotation and the
carbon and oxygen distribution in the white dwarf (de-
termined by the progenitor star mass) could also play
a role.
Although there is a convergence of opinion on the
explosion mechanism, there is no generally accepted pic-
ture of the evolutionary origin of Type Ia supernovae.
The question of how the white dwarfs grow to the Chan-
drasekhar mass is still an unsolved problem. There is no
direct evidence that Type Ia supernovae arise in binary
systems. Despite this lack of direct evidence, all the
circumstantial evidence points to evolution in double
star systems, and there are few credible ways of mak-
ing a white dwarf explode without invoking a binary
companion. The challenge is to figure out what binary
evolution leads to a Type Ia explosion (Refs. 156 and
179).
Type Ia supernovae are thought to eject most of the
iron peak elements in the current interstellar medium,
but to have begun their contribution at a later epoch
than the addition of iron from Type II because of delay
in the (uncertain) binary evolution processes (Refs. 201,
202 and 169). Type Ia also eject substantial amounts
of O, Mg, Si, S, and Ca.
I.4 Light Curves and Radioactive Decay
Supernovae display a variety of shapes to their light
curves (Ref. 50). Type Ia supernovae are the brightest.
They decay fairly rapidly in the first two weeks after
peak light and then more slowly for months. Some Type
II supernovae have an extended plateau and some drop
rather quickly from maximum light. Both types seem
to have a very slow decay at very late times, several
months after the explosion. Type Ib and Ic supernovae
are typically fainter than Type Ia by about a factor of
two, but have similar shapes near peak light and show
evidence for a slow decay at later times. The common
theme to this behavior is radioactive decay.
When a supernova first explodes, the matter is com-
pact, dense and opaque. To reach maximum brightness,
the ejected matter must expand until the material be-
comes more tenuous and semi-transparent. The size the
ejecta must reach is typically 1015 cm (Ref. 150). The
expansion to reach this size results in adiabatic cooling.
Before reaching this radius, the ejecta may have cooled
sufficiently that there is little heat to radiate.
Most Type II supernova explosions are thought to
occur in red supergiant envelopes. These are very large
structures with radii approaching 1014 cm. After the
explosion, these large envelopes only have to expand
about an order of magnitude in radius before they be-
come sufficiently transparent to radiate and hence un-
dergo relatively little adiabatic cooling. As they begin
to radiate, Type II supernovae thus still retain a large
proportion of the heat that was deposited by the shock
wave that accompanied the supernova. Near maximum
light, Type II supernovae shine by the shock energy
originally deposited in the star. In the long, nearly flat
plateau phase that characterizes many Type II, a hydro-
gen recombination wave propagates inward through the
expanding, cooling envelope (Refs. 150, 154 and 56).
The recombined hydrogen has low opacity and is nearly
transparent. The still-ionized hydrogen is opaque. The
result is that the photosphere sits at the layer in the ex-
panding matter that has a temperature corresponding
to the recombination of hydrogen, about 6000 K, and
at a nearly-constant radius, ∼ 1015 cm, although reced-
ing in mass. The nearly-constant temperature given by
hydrogen recombination and the nearly-constant radius
given by the density gradient and opacity effects, yield
the nearly-constant plateau luminosity until the whole
hydrogen envelope has recombined, at which point the
luminosity tends to drop sharply.
For a Type I supernova the exploding star is a white
dwarf, as suspected for a Type Ia, or the bare core of
a more massive star, as suspected for Types Ib and Ic.
In either case, the exploding object is very small. The
expected sizes range from 108 cm to 1010 cm. These
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bare cores are thus much smaller than the size to which
they must expand before they can radiate their shock
energy. The result is that the expansion strongly adia-
batically cools the ejected matter and by the time the
matter reaches the point where it could radiate the heat,
the heat from the original shock is dissipated into the
kinetic energy of expansion. This kind of supernova re-
quires another source of heat to shine at all. All the
light from Type I supernovae comes from radioactive
decay.
The nature of a thermonuclear explosion is to burn
very rapidly. If the explosion starts with a fuel – car-
bon, oxygen, or silicon – that has equal numbers of
protons and neutrons, then the immediate product of
the burning will also have equal numbers of protons
and neutrons. This is because the rapid burning takes
place on the time scale of the strong nuclear reactions.
To change the ratio of protons to neutrons requires the
weak force and thus typically a much longer time.
Iron is produced in a thermonuclear explosion in a
three-step process. The first step is to produce an ele-
ment that is close to iron, with the same atomic weight
and a similar large binding energy per nucleon, but that
has equal numbers of protons and neutrons. This con-
dition singles out one element: 56Ni (Refs. 146, 192
and 193). Nickel-56 is, however, unstable to radioactive
decay induced by the weak force. The result is the for-
mation of the element 56Co. In the process, a positron
is emitted to conserve charge, and a neutrino is given
off to balance the number of leptons. Excess energy
comes off as gamma rays. The annihilation of the elec-
tron and positron will produce another source of gamma
rays. The gamma rays can be stopped by collision with
the matter being ejected from the supernova and their
energy converted to heat the matter. The hot matter
then radiates. The resulting optical power falls off as
the nickel decays away with a half-life of 6.1 days and as
the matter expands so that it is less efficient in trapping
the gamma rays. The 56Co that forms is also unstable
and decays with a half-life of 77 days to become 56Fe.
This decay again produces a neutrino and gamma-ray
energy.
The observed light curves of Type I supernovae de-
cay somewhat faster than the decay of 56Ni in the early
phase and of 56Co in the later phases. The reason is
that not all the gamma-rays produced in the decay are
trapped and converted into heat and light. Some of the
gamma rays escape directly into space.
For Types Ib and Ic, the amount of 56Ni required
to power the light curve is about 0.1 M⊙ (Refs. 131
and 148). This amount of 56Ni is consistent with many
computations of iron-core collapse. The 56Ni is pro-
duced when the shock wave impacts the layer of silicon
surrounding the iron core. Similar reactions occur in
Type II supernovae and similar amounts of 56Ni are
ejected. The long tail subsequent to the decline from
the plateau of Type II supernovae is consistent with the
radioactive decay of this amount of 56Co. Some Type
II are observed not to have this tail and this has been
interpreted as signifying the formation of a black hole
that swallows much or all of the 56Ni that might have
been produced in the shock (Ref. 122). This hypothesis
remains to be proven.
Type Ia supernovae are generally brighter than Type
Ib/c and must produce more 56Ni, of order 1/2 to 1 M⊙
(Ref. 161). The dimmest Type Ia events require only
0.1 to 0.2 solar masses of 56Ni (Ref. 161). The models of
Type Ia supernovae based on thermonuclear explosions
in carbon/oxygen white dwarfs of the Chandrasekhar
mass produce this amount of nickel rather naturally in
the explosion. The amount of 56Ni can vary depend-
ing on, for instance, the density at which the explosion
makes the transition from a deflagration to a detona-
tion, so the variety of ejected nickel mass can also be
understood, at least at a rudimentary level (Ref. 161).
I.5 Supernova 1987A
Supernova 1987A was a Type II supernovae that oc-
curred in the Large Magellanic Cloud about 50 kilopar-
secs from the Earth (Refs. 16, 23, 2 and 22). This
made it the closest and hence best studied supernova
ever. Neutrinos were detected from SN 1987A, thus
confirming the basic picture of core collapse (Refs. 61
and 84). There was insufficient information to deter-
mine the precise mechanism of the explosion. The neu-
trinos mean that a neutron star formed, at least tem-
porarily. No subsequent evidence for a neutron star has
been detected. This may be because the neutron star
is obscured in some way, or because it does not emit
the flux of radiation observed from the Crab pulsar. If
SN 1987A produced the same type of compact object
as Cas A (§I.3), it would not be detectable with current
technology. The failure to detect a compact remnant
as a pulsar could be because the neutron star is spin-
ning rather slowly or has a rather small magnetic field
or is still obscured by matter within the debris. An-
other interesting possibility is that sufficient matter fell
back onto the newly-born neutron star to convert it to a
black hole after the supernova shock was launched (Ref.
144).
SN 1987A also gave direct evidence for the produc-
tion and decay of about 0.07 solar masses of 56Ni (Ref.
2). The gamma-rays from the decay of 56Co were di-
rectly detected. SN 1987A exploded as a rather com-
pact blue supergiant with a radius of about 3 × 1012
cm rather than a red giant. The reasons for this are
still not clear, but current reasoning suggests that the
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progenitor might have had a binary companion that
was consumed when the progenitor became a red giant
and engulfed the companion (Ref. 195). The relatively
compact progenitor star meant that, unlike most Type
II, SN 1987A was powered at maximum light by ra-
dioactive decay. SN 1987A was also the first supernova
to have confirmed production of molecules, particularly
carbon-monoxide (Ref. 116). Subsequent observations
suggest that production of CO may be rather common
in massive-star supernovae (Ref. 80)
SN 1987A is surrounded by a set of three nested
rings of gas that were formed prior to the explosion (Ref.
128). Their origin is unclear, but may be related to the
binary interaction. The ejecta from the supernova is
beginning to collide with the innermost ring (Refs. 100
and 92). This interaction may yield more clues to the
origin of this structure. The explosion of SN 1987A was
clearly asymmetric. Spectroscopy, spectropolarimetry,
and direct imaging suggest a common axis roughly (but
not precisely) aligned with the axis normal to the outer
ring systems (Ref. 172).
I.6 Supernovae, Gamma-ray Bursts, and
Cosmology
Because they are so bright, supernovae have been used
to determine distances. This information can be com-
bined with the expansion velocity of the host galaxy to
determine the Hubble Constant and hence the age of
the Universe. Type Ia supernovae have proven to be
especially powerful tools in this way. Subtle differences
in the brightness for more distant Type Ia supernovae
have given evidence that the Universe is accelerating its
expansion, contrary to expectation (Refs. 113 and 106).
Taken at face value and in combination with other data
on the cosmic microwave background radiation, this ev-
idence suggests that the Universe is filled with a “dark
energy” that adds a repulsive component to the dynam-
ics of the Universe (Ref. 136). This dark energy could
be related to Einstein’s Cosmological Constant if con-
stant in space or time, or to some form of vacuum energy
that could vary in space and time. This anti-gravitating
dark energy is to be contrasted with dark matter, which,
although of an as yet unknown constituency, gravitates.
After the Universe expanded and hydrogen recom-
bined, the era of the creation of the cosmic background
radiation, the matter in the Universe was dark and
nearly formless. Over the eons of expansion, the matter
coalesced into structures that we identify today as stars,
galaxies, galaxy clusters and superclusters. At some
point in the formation of this structure, the first stars
were born. This epoch in the evolution of the Universe
is known as the end of the Dark Ages that separated
recombination from the first stars (Ref. 205). The end
of the Dark Ages will probably be marked by the explo-
sion of the first supernovae that are likely to be among
the brightest objects in the Universe at this epoch (Ref.
186). These supernovae should be some form of Type
II, but they may be especially massive and they may be
relatively compact since they will be formed from pris-
tine matter not yet polluted with heavy elements. The
resulting low-opacity envelopes may selectively produce
blue rather than red supergiants (Ref. 165). The Next
Generation Space Telescope may be able to detect these
first supernovae and hence to map the evolution of the
production of supernovae, of the heavy elements they
produced, radiation that re-ionized the matter between
galaxies, and the onset of the first Type Ia supernovae.
There has been a revolution in the study of cosmic
gamma-ray bursts with the discovery of optical counter-
parts and proof that the large majority of these events
are at large redshift (Ref. 127). Growing evidence
suggests that gamma-ray bursts are collimated explo-
sions with energies of about 1051 ergs associated with
the death of massive stars (Refs. 191 and 77). Essen-
tially all gamma-ray bursts identified with host galaxies
are within the optical confines of those galaxies, which
show evidence for recent star formation (Ref. 86). More
specifically, two gamma-ray bursts have been associated
with supernova-like brightening several weeks after the
explosion (Refs. 112 and 62). SN 1998bw had char-
acteristics of a Type Ic supernova, but was excessively
bright, asymmetric, had large expansion velocities, and
produced one of the brightest radio sources ever associ-
ated with a supernova (Ref. 78). There are indications
that this supernova was associated with a gamma-ray
burst observed on April 25, 1998. If this association
is correct, this especially-bright supernova was associ-
ated with an especially dim gamma-ray burst. The as-
sociation of gamma-ray bursts with massive stars sug-
gests that gamma-ray bursts represent some variation
of the physics of core collapse. A popular hypothesis
is that gamma-ray bursts represent the birth of black
holes from core collapse (Ref. 37), but there is no direct
evidence of this and the energetics do not preclude a role
for neutron star formation. The asymmetries observed
in core collapse supernovae may have some generic con-
nection to the collimation deduced for the gamma-ray
bursts. Future space missions, for instance the Swift ex-
plorer, have the promise of detecting gamma-ray bursts
at high redshifts giving another way to probe the death
of massive stars at the end of the Dark Ages when the
first stars begin to be born and die.
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